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3D STACKABLE BIDIRECTIONAL ACCESS
DEVICE FOR MEMORY ARRAY

BACKGROUND

The present disclosure relates to three-dimensional (3D)
stackable bidirectional access devices for memory arrays
and methods of manufacturing the 3D stackable directional
access devices. Back-end-of-line (BEOL) compatible access
devices can enable a 3D memory array for both storage class
memory and/or neuromorphic and cognitive computing.
Ovonic threshold switches (O1S) are one possible access
device that may be used in stackable 3D memory applica-
tions. It may be desirable to develop alternative solutions for
stackable 3D memory applications.

SUMMARY

Embodiments of the present disclosure relate to a method
of manufacturing a vertical metal-semiconductor field-eflect
transistor (MESFET) device. The method includes forming,
a first oxide layer, forming a first electrode 1n the oxide layer,
forming a crystallized silicon layer on the first electrode,
forming a second electrode on the first oxide layer and on
sidewalls of the crystalized silicon layer, forming a second
oxide layer on upper surfaces of the second electrode. The
method also includes forming a third electrode on an upper
surface of the crystallized silicon layer.

Other embodiments relate to a vertical MESFET device.
The device includes a first oxide layer, a first electrode
tormed 1n the oxide layer, a crystallized silicon layer formed
on the first electrode, a second electrode formed on the first
oxide layer and on sidewalls of the crystalized silicon layer,
a second oxide layer formed on upper surfaces of the second
clectrode. The device also includes a third electrode formed
on an upper surtace of the crystallized silicon layer.

Other embodiments relate to a memory device. The
memory devices includes a bidirectional access device
including a first oxide layer, a first electrode formed in the
oxide layer, a crystallized silicon layer formed on the first
clectrode, a second electrode formed on the first oxide layer
and on sidewalls of the crystalized silicon layer, a second
oxide layer formed on upper surfaces of the second elec-
trode, and a third electrode formed on an upper surface of the
crystallized silicon layer. The memory device also includes
a memory device connected to the bidirectional access
device. Other embodiments relate to a method of manufac-
turing the memory device.

The above summary 1s not intended to describe each
illustrated embodiment or every implementation of the pres-

ent disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings included in the present application are
incorporated 1nto, and form part of the specification. They
illustrate embodiments of the present disclosure and, along
with the description, explain the principles of the disclosure.
The drawings are only illustrative of certain embodiments
and do not limit the disclosure.

FIG. 1 1s a cross-sectional view ol a BEOL compatible
semiconductor device for a memory array at an intermediate
stage of the manufacturing process, according to embodi-
ments.

FIG. 2 1s a cross-sectional view of the semiconductor
device of FIG. 1 after additional fabrication operations,
according to embodiments.
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FIG. 3 1s a cross-sectional view of the semiconductor
device of FIG. 2 after additional fabrication operations,

according to embodiments.

FIG. 4 1s a cross-sectional view of the semiconductor
device of FIG. 3 after additional fabrication operations,
according to embodiments.

FIG. 5 1s a cross-sectional view of the semiconductor
device of FIG. 4 after additional fabrication operations,
according to embodiments.

FIG. 6 1s a cross-sectional view of the semiconductor
device of FIG. 5 after additional fabrication operations,
according to embodiments.

FIG. 7 1s a cross-sectional view of the semiconductor
device of FIG. 6 after additional fabrication operations,
according to embodiments.

FIG. 8 1s a cross-sectional view of the semiconductor
device of FIG. 7 after additional fabrication operations,
according to embodiments.

FIG. 9 1s a cross-sectional view of the semiconductor
device of FIG. 8 after additional fabrication operations,
according to embodiments.

FIG. 10 1s a cross-sectional view of the semiconductor
device of FIG. 9 after additional fabrication operations,
according to embodiments.

FIG. 11 1s a cross-sectional view of the semiconductor
device of FIG. 10 after additional fabrication operations,
according to embodiments.

FIG. 12A 1s a cross-sectional view of the semiconductor
device of FIG. 11 1n combination with a mushroom cell type
memory device, according to embodiments.

FIG. 12B 1s a cross-sectional view of the semiconductor
device of FIG. 11 1 combination with a pillar cell type
memory (PCM) device or a resistive random access memory
device (RRAM), according to embodiments.

FIG. 12C 1s a cross-sectional view of the semiconductor
device of FIG. 11 in combination with a confined PCM
device, according to embodiments.

DETAILED DESCRIPTION

As mentioned above, ovonic threshold switches (OTS)
are presently studied as access devices for stackable 3D
memory application. Certain of these OTS devices are two
terminal devices which can be switched between the full ON
state and the full OFF state by applying a voltage across the
device. However, their snap-back behavior has a sharp turn
on voltage, and as a result they can only write a memory cell
in two states (1.¢., etther a SET level or a RESET level). The
snap-back behavior may also make it diflicult to control how
much current 1s flowing through the device. Moreover, As
and Se may be among the materials that are included in the
OTS device elements, and As and Se may not desirable
materials to use in the fabrication process. In addition, OTS
devices may be diflicult to pattern, they may be sensitive to
reactive 1on etching (RIE), and may damage the devices
during the patterning steps. This may result 1n a decrease
yield of the OTS devices.

Another possible access device for stackable 3D memory
applications may be recrystallized S1 diodes, which are also
two terminal access devices. These recrystallized Si1 diode
type access devices may address some of the drawbacks of
the OTS type devices. For example, the recrystallized Si
diodes may be less sensitive to RIE sensitivity, the devices
may have a reduced As content relative to OTS devices, and
there may be a lack of snap-back behavior possibly enabling
setting the memory to different states (although the IV
(current/voltage) characteristic 1s still exponential)). A diode
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has a simple structure, a small footprint and 1s capable of
providing high drive currents. Compared to an Ovonic

Threshold Switch (OTS), a diode benefits from established

device physics/fabrication technology, better reliability, and
high-temperature stability. However, given that a diode 1s a
minority carrier device, 1its OFF characteristics may be more

sensitive to grain boundary dislocations than a majority

carrier device such as a field eflect transistor. In addition, the
presence ol grain boundaries may induce device-to-device
non-uniformity i the ON characteristics of the diode. More-
over, the IV characteristics of a recrystallized silicon diode
may be exponential, which may require very tight control
over the current level as a multistate memory functionality
1s desired. Thus, 1t may be desirable to find alternative
solutions for three-dimensional stackable bidirectional
access devices for memory arrays.

The present disclosure describes three-dimensional (3D)
stackable bidirectional access devices for memory arrays
and methods of manufacturing the 3D stackable directional
access devices. In particular, the present disclosure describes
back-end-of-line (BEOL) compatible 3D stackable bidirec-
tional access devices that integrate a crystallized metal-
semiconductor field-effect transistor (MESFET) device 1n
the BEOL. In general, to be compatible with FEOL or BEOL
processes means that the formation/processing of the access
device should not destroy the high performance transistors
that are formed 1nto the FEOL/BEOL. According to embodi-
ments, these access devices may offer bi-directional behav-
1ior and can be fabricated compatible with BEOL processes
which makes them 3D stackable and usable with both PCM
and RRAM memories. A third terminal of the access device
may ofler better control over the current level, thus allowing,
for multiple bit selection. Therefore, according to present
embodiments, these access devices may allow for a signifi-
cant increase of the bit density of a memory array.

Various embodiments of the present disclosure are
described herein with reference to the related drawings.
Alternative embodiments can be devised without departing,
from the scope of the present disclosure. It 1s noted that
various connections and positional relationships (e.g., over,
below, adjacent, etc.) are set forth between elements 1n the
tollowing description and the drawings. These connections
and/or positional relationships, unless specified otherwise,
can be direct or indirect, and the present disclosure 1s not
intended to be limiting 1n this respect. Accordingly, a cou-
pling of enfities can refer to either a direct or an indirect
coupling, and a positional relationship between entities can
be a direct or indirect positional relationship. As an example
of an indirect positional relationship, references in the
present description to forming layer “A” over layer “B”
include situations 1 which one or more intermediate layers
(e.g., layer “C”) 1s between layer “A” and layer “B” as long
as the relevant characteristics and functionalities of layer
“A” and layer “B” are not substantially changed by the
intermediate layer(s).

The following defimitions and abbreviations are to be used
for the iterpretation of the claims and the specification. As
used herein, the terms “comprises,” “comprising,”
“includes,” “including,” *“has,” “having,” “contains” or
“containing,” or any other varnation thereof, are mtended to
cover a non-exclusive inclusion. For example, a composi-
tion, a mixture, process, method, article, or apparatus that
comprises a list of elements 1s not necessarily limited to only
those elements but can include other elements not expressly
listed or inherent to such composition, mixture, process,
method, article, or apparatus.
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For purposes of the description hereinaiter, the terms
“upper,” “lower,” “right,” “left,” “vertical,” “horizontal,”
“top,” “bottom,” and derivatives thereof shall relate to the
described structures and methods, as oriented 1n the drawing
figures. The terms “overlying,” “atop,” “on top,” “positioned
on” or “positioned atop” mean that a first element, such as
a lirst structure, 1s present on a second element, such as a
second structure, wherein intervening elements such as an
interface structure can be present between the first element
and the second element. The term “direct contact” means
that a first element, such as a first structure, and a second
element, such as a second structure, are connected without
any intermediary conducting, isulating or semiconductor
layers at the interface of the two elements. It should be
noted, the term “selective to,” such as, for example, “a first
element selective to a second element,” means that a first
element can be etched, and the second element can act as an
etch stop.

For the sake of brevity, conventional techniques related to
semiconductor device and integrated circuit (“IC”) fabrica-
tion may or may not be described in detail herein. Moreover,
the various tasks and process steps described herein can be
incorporated ito a more comprehensive procedure or pro-
cess having additional steps or functionality not described 1n
detail herein. In particular, various steps in the manufacture
ol semiconductor devices and semiconductor-based ICs are
well known and so, 1n the interest of brevity, many conven-
tional steps will only be mentioned brietly herein or will be
omitted entirely without providing the well-known process
details.

In general, the various processes used to form a micro-
chip that will be packaged into an IC fall into four general
categories, namely, film deposition, removal/etching, semi-
conductor doping, and patterning/lithography.

Deposition 1s any process that grows, coats, or otherwise
transiers a material onto the water. Available technologies
include physical vapor deposition (“PVD”), chemical vapor
deposition (“CVD”), electrochemical deposition (“ECD”),
molecular beam epitaxy (“MBE”’) and more recently, atomic
layer deposition (“ALD”’) among others. Another deposition
technology 1s plasma-enhanced chemical vapor deposition
(“PECVD?”), which 1s a process that uses the energy within
the plasma to induce reactions at the watfer surface that
would otherwise require higher temperatures associated
with conventional CVD. Energetic 1on bombardment during
PECVD deposition can also improve the film’s electrical
and mechanical properties.

Removal/etching 1s any process that removes material
from the water. Examples include etching processes (either
wet or dry), chemical-mechanical planarization (“CMP”),
and the like. One example of a removal process 1s 10n beam
ctching (“IBE”). In general, IBE (or milling) refers to a dry
plasma etch method which utilizes a remote broad beam
ion/plasma source to remove substrate material by physical
inert gas and/or chemical reactive gas means. Like other dry
plasma etch techniques, IBE has benefits such as etch rate,
anisotropy, selectivity, uniformity, aspect ratio, and minimi-
zation of substrate damage. Another example of a dry
removal process 1s reactive 1on etching (“RIE”). In general,
RIE uses chemically reactive plasma to remove material
deposited on waters. With RIE the plasma 1s generated under
low pressure (vacuum) by an electromagnetic field. High-
energy 1ons ifrom the RIE plasma attack the water surface
and react with it to remove maternal.

Semiconductor doping 1s the modification of electrical
properties by doping, for example, transistor sources and
drains, generally by diffusion and/or by ion implantation.

2?6k e 4 1
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These doping processes are followed by furnace annealing
or by rapid thermal annealing (“RTA”). Annealing serves to
activate the implanted dopants. Films of both conductors
(e.g., poly-silicon, aluminum, copper, etc.) and insulators
(e.g., various forms of silicon dioxide, silicon nitride, etc.)
are used to connect and 1solate transistors and their compo-
nents. Selective doping of various regions of the semicon-
ductor substrate allows the conductivity of the substrate to
be changed with the application of voltage. By creating
structures of these various components, millions of transis-
tors can be built and wired together to form the complex
circuitry ol a modern microelectronic device.

Semiconductor lithography 1s the formation of three-
dimensional relief 1images or patterns on the semiconductor
substrate for subsequent transier of the pattern to the sub-
strate. In semiconductor lithography, the patterns are formed
by a light-sensitive polymer called a photo-resist. To build
the complex structures that make up a transistor and the
many wires that connect the millions of transistors of a
circuit, lithography and etch pattern transfer steps are
repeated multiple times. Fach pattern being printed on the
waler 1s aligned to the previously formed patterns and
slowly the conductors, insulators and selectively doped
regions are built up to form the final device.

Turning now to an overview of memory technologies that
are more specifically relevant to aspects of the present
disclosure, embedded DRAM (*eDRAM”) 1s a dynamic
random-access memory (“DRAM™) integrated on the same
die or multi-chip module (“MCM”) of an application-spe-
cific integrated circuit (“ASIC”) or microprocessor. cDRAM
has been implemented 1n silicon-on-msulator (*“SOI”) tech-
nology, which refers to the use of a layered silicon—
insulator—silicon substrate in place of conventional silicon
substrates 1 semiconductor manufacturing. eDRAM tech-
nology has met with varying degrees of success, and demand
tor SOI technology as a server memory option has decreased
in recent years.

Magnetoresistive random-access memory (“MRAM™)
devices using magnetic tunnel junctions (“MTI”) are one
option to replace existing eDRAM technologies. MRAM 1s
a non-volatile memory, and this benefit 1s a driving factor
that 1s accelerating the development of this memory tech-
nology. Current MRAM MT1 structures are relatively slow,
and the only way to reach MTJ write target speeds compa-
rable to eDRAM (~5 ns) 1s with double magnetic tunnel
junctions (“DMTI”).

Phase-change memory (also known as PCM, PCME,
PRAM, PCRAM, OUM (ovonic unified memory) and
C-RAM or CRAM (chalcogenide RAM)) 1s a type of
non-volatile random-access memory. PMCs exploit the
unique behavior of chalcogenide glass. Phase change mate-
rials, such as chalcogenides, can be caused to change phase
between an amorphous state and a crystalline state by
application of electrical current at levels suitable for imple-
mentation 1n integrated circuits. The generally amorphous
state 1s characterized by higher resistivity than the generally
crystalline state, which can be readily sensed to indicate
data.

Phase change materials in PCM devices are capable of
being switched between a first structural state 1n which the
material 1s 1 a generally amorphous solid phase, and a
second structural state in which the material 1s 1n a generally
crystalline solid phase in the active region of the cell. The
term “amorphous” 1s used to refer to a relatively less ordered
structure, more disordered than a single crystal, which has
the detectable characteristics such as higher electrical resis-
tivity than the crystalline phase. The term “crystalline™ 1s
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used to refer to a relatively more ordered structure, more
ordered than 1n an amorphous structure, which has detect-
able characteristics such as lower electrical resistivity than
the amorphous phase. Other matenal characteristics atiected
by the change between amorphous and crystalline phases
include atomic order, free electron density and activation
energy. The material can be switched into either different
solid phases or mixtures of two or more solid phases,
providing a gray scale between completely amorphous and
completely crystalline states.

The change from the amorphous to the crystalline state 1n
PCM devices 1s generally a lower current operation, requir-
ing a current that 1s suflicient to raise the phase change
material to a level between a phase transition temperature
and a melting temperature. The change from crystalline to
amorphous, referred to as “reset,” 1s generally a higher
current operation, which includes a short high current den-
sity pulse to melt or break down the crystalline structure,
alter which the phase change material cools quickly, quench-
ing the phase change process, thus allowing at least a portion
of the phase change structure to stabilize 1n the amorphous
state. It 1s desirable to minimize the magnitude of the reset
current used to cause transition of phase change material
from a crystalline state to an amorphous state. The magni-
tude of the needed reset current can be reduced by reducing
the volume of the active region 1n the phase change material
clement 1n the cell.

Embodiments 1n accordance with the present disclosure
provide methods and devices for employing three-dimen-
sional (3D) stackable bidirectional access devices in com-
bination with PCM based memory devices.

Resistive random access memory (RRAM) structures can
be used as a type of non-volatile (NV) random-access
memory (RAM) 1 computing resources. RRAM devices
having a simple metal-insulator-metal structure show prom-
1sing characteristics 1n terms of scalability, low power opera-
tion, and multilevel data storage capability, and they may be
suitable for next-generation memory applications. RRAM
typically operates by controlled changes 1n resistance across
a dielectric solid-state material. The dielectric solid-state
material may be referred to as a memristor. RRAM may be
considered as a promising technology for electronic synapse
devices (or memristors) for neuromorphic computing as well
as high-density and high-speed non-volatile memory appli-
cations. In neuromorphic computing applications, a resistive
memory device can be used as a connection (synapse)
between a pre-neuron and post-neuron, representing the
connection weight 1n the form of device resistance. Multiple
pre-neurons and post-neurons can be connected through a
crossbar array of RRAM s, which may enable a fully-
connected neural network. Oxygen vacancies i a metal
oxide layer of a RRAM device are the building blocks of a
current conducting filament.

In neuromorphic computing applications, a resistive
memory device (e.g., a RRAM device) can be used as a
connection (synapse) between a pre-neuron and post-neu-
ron, representing the connection weight in the form of
device resistance. Multiple pre-neurons and post-neurons
can be connected through a crossbar array of RRAMs, which
naturally expresses a fully-connected neural network. A
crossbar array of RRAM can be made with junction with
resistively switching material formed on the bottom elec-
trodes. The top electrodes are formed on the junction with
resistively switching material to form a crossbar array of
RRAMSs. Non-volatile resistively switching metal oxides,
such as HIOx, TaOx, AlOx, ZrOx, T1iOx, or a combination

ol these matenials are integrated into nano-crossbar arrays
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and nano-cross-points scaled down to a feature size by
clectron beam lithography. This enables a fast fabrication
route for high density prototype test structures of passive
memory cores with two terminal devices. The structures and
the integrated material 1s electrically characterized to gain an
insight 1nto the general properties of nano-crossbar arrays
with resistively switching metal oxides and to define the
demands for an external CMOS control system.

Nonvolatile and resistively switching materials with two
or more stable states such as H1Ox are integrated as two
terminal memory devices to efliciently create a RRAM bit
pattern. These cells can be integrated into crossbar arrays
where 1t reduces the cell size per bit to four. The switching,
material can cover the whole chip area and every junction at
a cross point 1s an addressable cell of a RRAM. Since the
array consists of passive elements, additional active external
circuitry 1s required for the operation to address the cells, set,
and reset their state and read the stored information.

Embodiments 1n accordance with the present disclosure
provide methods and devices for employing three-dimen-
sional (3D) stackable bidirectional access devices in com-
bination with RRAM based memory devices.

In certain embodiments, the memory access device 1s
configured as a metal-semiconductor field-effect transistor
(MESFET). In general, a MESFFET 1s a field-effect transistor
semiconductor device similar to a junction-gate field-etiect
transistor (JFET) with a Schottky (metal-semiconductor)
junction instead of a p-n junction for a gate. Thus, the
MESFET has a metal contact formed directly onto the
s1licon (or polycrystalline silicon), and this forms a Schottky
barrier diode junction. As such, the Schottky diode 1s used
as a reverse biased diode 1n the same was that a JFET does.
However, the Schottky diode may form a smaller diode than
the JFET.

Referring now to the drawings in which like numerals
represent the same or similar elements and nitially to FIG.
1, an exemplary method of manufacturing a three-dimen-
sional (3D) stackable bidirectional access devices to which

the present embodiments may be applied 1s shown. As
shown 1n FIG. 1, several back end of line (“BEOL”) and

front end of line (FEOL) layers (FEOL/BEOL layers 102)
are formed.

In general, the front-end-of-line (FEOL) 1s the first por-
tion of IC fabrication where the individual devices (transis-
tors, capacitors, resistors, etc.) are patterned in the semicon-
ductor. FEOL generally covers everything up to (but not
including) the deposition of metal interconnect layers.

In general, the BEOL 1s the second portion of IC fabri-
cation where the individual devices (transistors, capacitors,
resistors, etc.) are mterconnected with wiring on the wafer.
The BEOL metal layers (not shown) can include, for
example, Cu, TaN, Ta, Ti, TiN or a combination thereof. A
BEOL dielectric layer (not shown) may be formed on the
sides of one or more of the BEOL metal layers. The BEOL
dielectric layer may be composed of, for example, S10_,
SIN _, S1iBCN, low-k, NBLOK, or any other suitable dielec-
tric material. The structure including the FEOL/BEOL lay-
ers 102 shown 1n FIG. 1 1s a starting structure upon which
the three-dimensional (3D) stackable bidirectional access
devices of the present embodiments are to be formed. It
should be appreciated that any suitable number or combi-
nation of FEOL/BEOL layers may be contemplated with
respect to the three-dimensional (3D) stackable bidirectional
access devices of the present embodiments.

As shown 1n FIG. 1, a first oxide layer 104 1s provided on
the FEOL/BEOL layers 102. The first oxide layer 104 can

include any materials known 1n the art, such as, for example,
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porous silicates, carbon doped oxides, silicon dioxides,
s1licon nitrides, silicon oxynitrides, or other dielectric mate-
rials. In certain examples, the material of the first oxide layer
104 are S10, or SiN. In certain examples, the materials of the
first oxide layer 104 are matenals that may be formed at or
below 400° C. so as to not damage any BEOL layer
components. The first oxide layer 104 can be formed using
any method known 1n the art, such as, for example, chemical
vapor deposition, plasma enhanced chemical vapor deposi-
tion, atomic layer deposition, or physical vapor deposition.
The first oxide layer 104 can have a thickness ranging from
about 25 nm to about 200 nm, for example. However, it
should be appreciated that the first oxide layer 104 may be
formed to any suitable thickness, and may include matenials
other than those listed above. The first oxide layer 104 1s
then patterned, and a bottom electrode 106 1s formed in the
first oxide layer 102. The bottom electrode 106 may serve as
a first terminal (or source) of the MESFET memory access
device of the semiconductor device 100.

Referring now to FIG. 2, thus figure 1s a cross-sectional
view ol the semiconductor device 100 of FIG. 1 after
additional fabrication operations, according to embodi-
ments. As shown i FIG. 2, a silicon layer 108 1s blanket
deposited on the first oxide layer 104 and the bottom
clectrode 106. The silicon layer 108 may be, for example,
about 50-100 nm thick. However, it should be appreciated
that any other suitable thickness of the silicon layer 108 may
be used. The silicon layer 108 may be formed by any
suitable material deposition technique such as, for example,
physical vapor deposition (PVD) or plasma-enhanced
chemical vapor deposition (PECVD). In certain embodi-
ments, the silicon layer 108 may be doped with, for example,
arsenic (As), antimony (Sb), boron (B), phosphorus (P), or
any suitable combination of these elements. It should be
appreciated that other suitable dopants may also be used 1n
the formation of the silicon layer 108. It should also be
appreciated that 1n other examples, the silicon layer 108 may
not be doped.

Referring now to FIG. 3, thus figure 1s a cross-sectional
view ol the memory access device of FIG. 2 after additional
fabrication operations, according to embodiments. As shown
in FIG. 3 (i.e., indicated by the change 1n the cross-hatching
pattern), the silicon layer 108 of FIG. 2 1s subjected to a laser
annealing process to convert the relatively amorphous sili-
con layer 108 of FIG. 2 mto a polycrystalline silicon layer
108'. In certain embodiments, 1t may be desirable to perform
the laser annealing process to achieve a large crystal grain
s1ze for the polycrystalline silicon layer 108'. In examples
where dopants are used in the silicon layer 108, the laser
annealing process associated with FIG. 3 also activates the
dopants in the annealed polycrystalline silicon layer 108'.

Referring now to FIG. 4, this figure 1s a cross-sectional
view of the memory access device of FIG. 3 after additional
fabrication operations, according to embodiments. As shown
in FI1G. 4, the polycrystalline silicon layer 108' 1s patterned
with the use of a hardmask 110. In certain examples, the
width of the patterned polycrystalline silicon layer 108' 1s
wider than a width of the underlying bottom electrode 106
to prevent short circuiting of second terminal (see e.g., the
gate electrode 112 of FIG. §) with the bottom electrode 106.
In this regard, there 1s a certain amount of the oxide layer
104 that separates the bottom electrode from the gate
clectrode to minimize the possible of a short. It should be
appreciated that the polycrystalline silicon layer 108' may be
produced by any suitable combination of lithography, mate-
rial deposition and material removal process known to one
of skill in the art.
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Referring now to FIG. 5, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 4 after
additional fabrication operations, according to embodi-
ments. As shown 1n FIG. 5, a gate electrode 112 1s conior-
mally deposited over the entire waler surface. As such, the
gate electrode 112 1s at least imitially formed on the first
oxide layer 104, the sidewalls of the polycrystalline silicon
layer 108" and the top surface of the hardmask 110. In certain
examples, the hardmask 110 may be removed prior to the
formation of the gate electrode 112. The conformal gate
clectrode 112 may be formed to, for example, a thickness of
about 20 nm. However, it should be appreciated that any
other suitable thickness of the gate electrode 112 may be
utilized. The gate electrode 112 may be formed of a metal
(e.g., tungsten (W) or any other suitable conductive metal).
The gate electrode 112 film 1s then patterned so that the gate
clectrode 112 1s connected to a single row of memory access
devices 100. The gate electrode 112 1s a second terminal (or
gate) of the three terminal MESFET memory access device
100.

Referring now to FIG. 6, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 5 after
additional {fabrication operations, according to embodi-
ments. As shown i FIG. 6, a second oxide layer 114 1s
tormed over the previously patterned gate electrode 112. The
second oxide layer 114 can include any materials known 1n
the art, such as, for example, porous silicates, carbon doped
oxides, silicon dioxides, silicon nitrides, silicon oxynitrides,
or other dielectric materials. The second oxide layer 114 can
be formed using any method known in the art, such as, for
example, chemical vapor deposition, plasma enhanced
chemical vapor deposition, atomic layer deposition, or
physical vapor deposition. The second oxide layer 114 can
have a thickness ranging from about 25 nm to about 200 nm,
for example. However, i1t should be appreciated that, 1n
certain examples, the second oxide layer 104 1s formed to
any suitable thickness (provided that it 1s at least thick
enough so that the upper surface of the second oxide layer
104 1s as high as the upper surface of the polycrystalline
silicon layer 108'), and may include materials other than
those listed above.

Referring now to FIG. 7, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 6 after
additional fabrication operations, according to embodi-
ments. As shown 1n FIG. 7, the semiconductor device 100 1s
subjected to a planarnization technique (e.g., CMP) to pla-
narize the upper surface therecolf and remove an upper
portion of the gate electrode 112 above the hardmask 110.
This will enable the sidewalls (or vertical portions) of the
gate electrode 112 to be recessed 1n a subsequent processing
operation.

Referring now to FIG. 8, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 7 after
additional fabrication operations, according to embodi-
ments. As shown in FIG. 8, a material removal process (e.g.,
ctching) 1s performed on the semiconductor device 100 to
recess the sidewalls (1.e., vertical portions) of the gate
clectrode 112 to a level that 1s below an upper surface of the
polycrystalline silicon layer 108'. Thus, recesses 111 are
formed 1n the gate electrode 112 region between the second
oxide layer 114, the polycrystalline silicon layer 108" and the
hardmask 110.

Referring now to FIG. 9, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 8 after
additional fabrication operations, according to embodi-
ments. As shown 1n FIG. 9, after the recesses 111 are formed,
a dielectric layer 116 1s deposited to {ill the recesses 111. In
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certain examples, the dielectric layer 116 1s formed at least
up to a height of an upper surface of the second oxide layer
114.

Referring now to FIG. 10, this figure 1s a cross-sectional
view ol the semiconductor device 100 of FIG. 9 after
additional {fabrication operations, according to embodi-
ments. As shown in FIG. 10, in certain embodiments, a
material removal process (e.g., CMP) 1s performed to once
again planarize the upper surface of the semiconductor
device 100, and to remove the hardmask 110 so that the
upper surface of the polycrystalline silicon layer 108" 1s
exposed.

Referring now to FIG. 11, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 10 after
additional fabrication operations, according to embodi-
ments. As shown 1n FIG. 11, a top electrode 118 1s formed
over the dielectric layer and the polycrystalline silicon layer
108'. With regard to the three terminals structure of this
memory access structure of the semiconductor device 100,
a first terminal may be the source (e.g., the bottom electrode
106), the second terminal may be the gate electrode 112, and
the third terminal may be drain (e.g., the top electrode 118).
It should be appreciated that the formation of the dielectric
layer 116 1n the recesses 111 functions as an msulating layer
that prevents electrical short circuiting between the gate
clectrode 112 and the top electrode 118. It should be
appreciated that the matenal of the dielectric layer 116 may
be the same material as that of the second oxide layer 114 or
a different material(s). Thus, 1n certain embodiments, a
vertically ortented MESFET type memory access device 150
1s Tormed, the general boundaries of which are indicated the
heavy dashed lines 1n FIG. 11. Therefore, the embodiments
described herein achieve a structure and method of integrat-
ing a crystallized S1 MESFET device (1.e., MESFET type
memory access device 150) 1n the BEOL. These MESFET
type memory access devices 130 enable a bi-directional
behavior, and they can be fabricated 1n compatible processes
with the BEOL processes. This makes the MESFET type
memory access device 150 3D stackable and usable with
both PCM and RRAM memories.

Moreover, the third terminal of the device (e.g., the gate
clectrode 112) oflers better control over the current level
allowing for multiple bit selection, which may significantly
increase the bit density of a memory array.

Referring now to FIG. 12 A, this figure 1s a cross-sectional
view of the semiconductor device 100 of FIG. 11 1n com-
bination with a mushroom cell type memory device, accord-
ing to embodiments. As shown 1n FIG. 12A, a mushroom
type memory stack 120A 1s formed on the top electrode 118
of the MESFET type memory access device 150. It should
be appreciated that a mushroom type memory stack refers to
the 1dea that the critical dimension (CD) (e.g., width, length
or diameter) of the memory stack 120A 1s larger than the CD
of the MESFET type memory access device 150. As also
shown 1n FIG. 12A, a second top electrode 122A 1s formed
on the memory stack 120A. Thus, the combination of the
MESFET type memory access device 150 and the memory
stack 120A may be 3D stackable (repeatedly formed 1n a
vertical direction). In certain embodiments, the mushroom
type memory stack 120A may be a PCM memory device or
a RRAM memory device.

Referring now to FIG. 12B, this figure 15 a cross-sectional
view ol the semiconductor device 100 of FIG. 11 1n com-
bination with a pillar cell type memory (PCM) device or a
resistive random access memory device (RRAM), according
to embodiments. As shown 1 FIG. 12B, a pillar cell type
memory stack 120B 1s formed on the top electrode 118 of the
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MESFET type memory access device 150. It should be
appreciated that a pillar type memory stack refers to the 1dea
that the critical dimension (CD) (e.g., width, length or
diameter) of the memory stack 120B 1s smaller than the CD
of the MESFET type memory access device 150. As also
shown 1 FIG. 12B, a second top electrode 122B 1s formed
on the pillar type memory stack 120B. Thus, the combina-
tion of the MESFET type memory access device 150 and the
pillar type memory stack 120B may be 3D stackable (repeat-
edly formed 1n a vertical direction). In certain embodiments,
the pillar type memory stack 120B may be a PCM memory
device or a RRAM memory device.

Referring now to FIG. 12C, this figure 1s a cross-sectional
view ol the semiconductor device 100 of FIG. 11 in com-
bination with a confined PCM device, according to embodi-
ments. As shown 1 FIG. 12C, a confined PCM memory
stack 120C 1s formed on the top electrode 118 of the
MESFFET type memory access device 150. It should be
appreciated that a confined PCM type memory stack refers
to the i1dea that the critical dimension (CD) (e.g., width,
length or diameter) of the PCM type memory stack 120C is
about equal to the CD of the MESFET type memory access
device 150. As also shown i FIG. 12C, a second top
clectrode 122C 1s formed on the confined PCM memory
stack 120C. Thus, the combination of the MESFET type
memory access device 150 and the confined PCM memory
stack 120C may be 3D stackable (repeatedly formed 1n a
vertical direction). In certain embodiments, the confined
PCM type memory stack 120C may be a PCM memory
device.

The descriptions of the various embodiments have been
presented for purposes of illustration and are not intended to
be exhaustive or limited to the embodiments disclosed.
Many modifications and variations will be apparent to those
of ordinary skill 1n the art without departing from the scope
and spirit of the described embodiments. The terminology
used herein was chosen to best explain the principles of the
embodiments, the practical application or technical
improvement over technologies found 1n the marketplace, or
to enable others of ordinary skill 1n the art to understand the
embodiments disclosed herein.

What 1s claimed 1s:

1. A method of manufacturing a vertical metal-semicon-
ductor field-effect transistor (MESFET) device, the method
comprising;
forming a first oxide layer;
forming a first electrode 1n the first oxide layer;

forming a crystallized silicon layer directly contacting the
first electrode;

forming a second electrode on the first oxide layer and on

stdewalls of the crystallized silicon layer;

forming a second oxide layer on upper surfaces of the

second electrode; and

forming a third electrode on an upper surface of the

crystallized silicon layer.

2. The method according to claim 1, wherein the first
clectrode 1s a source electrode, the second electrode 1s a gate
electrode, and the third electrode 1s a drain electrode.

3. The method according to claim 1, wherein at least a
portion of the second oxide layer 1s formed between the
second electrode and the third electrode.

4. The method according to claim 1, wherein forming the
crystallized silicon layer includes laser annealing the crys-
tallized silicon layer.

5. The method according to claim 1, wherein the vertical
MESFET device 1s formed on a BEOL layer of a semicon-
ductor device.
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6. The method according to claim 1, wherein a width of
the crystallized silicon layer 1s wider than a width of the first
clectrode.

7. The method according to claim 1, wherein forming the
crystallized silicon layer includes doping with at least one
material selected from the group consisting of arsenic (As),
antimony (Sb), boron (B), and phosphorus (P).

8. A vertical MESFET device comprising:

a first oxide layer;

a first electrode formed 1n the first oxide layer;

a crystallized silicon layer directly contacting the first

electrode;

a second electrode formed on the first oxide layer and on

stdewalls of the crystallized silicon layer;

a second oxide layer formed on upper surfaces of the

second electrode; and

a third electrode formed on an upper surface of the

crystallized silicon layer.

9. The device according to claim 8, wherein the first
clectrode 1s a source electrode, the second electrode 1s a gate
electrode, and the third electrode 1s a drain electrode.

10. The device according to claim 8, wherein at least a
portion of the second oxide layer 1s formed between the
second electrode and the third electrode.

11. The device according to claim 8, wherein forming the
crystallized silicon layer includes laser annealing the crys-
tallized silicon layer.

12. The device according to claim 8, wherein the vertical
MESFET device 1s formed on a BEOL layer of a semicon-
ductor device.

13. The device according to claim 8, wherein a width of
the crystallized silicon layer 1s wider than a width of the first
clectrode.

14. The device according to claim 8, wherein the crys-
tallized silicon layer 1s doped with at least one material
selected from the group consisting of arsenic (As), antimony
(Sb), boron (B), and phosphorus (P).

15. A semiconductor device comprising:

a bidirectional access device that 1s a vertical MESFET

device, the bidirectional access device including

a first oxide layer,

a first electrode formed 1n the first oxide layer,

a crystallized silicon layer directly contacting the first
electrode,

a second electrode formed on the first oxide layer and
on sidewalls of the crystallized silicon layer,

a second oxide layer formed on upper surfaces of the
second electrode, and

a third electrode formed on an upper surface of the
crystallized silicon layer; and

a memory device connected to the bidirectional access

device.

16. The semiconductor device according to claim 135,
wherein the memory device 1s phase change memory (PCM)
device.

17. The semiconductor device according to claim 15,
wherein the memory device 1s a resistive random access
memory (RRAM) device.

18. The semiconductor device according to claim 15,
turther comprising a plurality of vertical MESFET devices
and memory devices three-dimensionally stacked 1n a ver-
tical direction of the semiconductor device.

19. The semiconductor device according to claim 135,
wherein a width of the crystallized silicon layer 1s wider than
a width of the first electrode.
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